Purpose: Radiation-induced sarcoma (RIS) is a rare but serious event. Its occurrence has been discussed during the implementation of new radiation techniques and justified appropriate radioprotection requirements. New approaches targeting intrinsic radio-sensitivity have been described, such as radiation-induced CD8 T-lymphocyte apoptosis (RILA) able to predict late radio-induced toxicities. We studied the role of RILA as a predisposing factor for RIS as a late adverse event following radiation therapy (RT). Patients and methods: In this prospective biological study, a total of 120 patients diagnosed with RIS were matched with 240 control patients with cancer other than sarcoma, for age, sex, primary tumor location and delay after radiation. RILA was prospectively assessed from blood samples using flow cytometry. Results: Three hundred and forty-seven patients were analyzed (118 RIS patients and 229 matched control patients). A majority (74%) were initially treated by RT for breast cancer. The mean RT dose was comparable with a similar mean (± standard deviation) for RIS (53.7 ± 16.0 Gy) and control patients (57.1 ± 15.1 Gy) (p = .053). Median RILA values were significantly lower in RIS than in control patients with respectively 18.5% [5.5-55.7] and 22.3% [3.8-52.2] (p = .0008). Thus, patients with a RILA N21.3% are less likely to develop RIS (p b .0001, OR: 0.358,. Conclusion: RILA is a promising indicator to predict an individual risk of developing RIS. Our results should be followed up and compared with molecular and genomic testing in order to better identify patients at risk. A dedicated strategy could be developed to define and inform high-risk patients who require a specific approach for primary tumor treatment and long term follow-up.
Introduction
More than half of patients with cancer undergo radiation therapy (RT) as part of their treatment strategy [1] . In many cases, RT prevents recurrence in the main tumor site and improves overall survival. Consequently, long term radio-induced toxicity is becoming an increasingly important issue. Sarcoma is a rare but serious adverse event following radiation exposure, and overall survival at 5 years of patients developing sarcoma is estimated between 10 and 36% [2] [3] [4] [5] [6] [7] . The defining criteria for radiation-induced sarcoma (RIS) have changed over time [8] [9] [10] . The most recent version has suggested the following criteria: [1] patient should have received RT; [2] the neoplasm occurred within the radiation volume; [3] a latency of several years; [4] microscopic proof of sarcoma. This definition excludes patients with cancer syndromes such as Li-Fraumeni or Rothmund-Thomson [11] . The tenyear cumulative risk of developing RIS is described as b1% [5, 6, [12] [13] [14] . Radiation-induced sarcomas are generally observed 6 to 20 years after RT [14] [15] [16] [17] with various histopathological types, such as angiosarcoma, fibrosarcoma, osteosarcoma, and leiomyosarcoma. The majority of published studies about post-radiation sarcomas include a limited number of patients, and most frequently report angiosarcoma post breast cancer management [18] [19] [20] [21] [22] [23] .
The risk-benefit ratio for RT is balanced between tumor control and injury to normal tissue. Widely accepted international guidelines such as QUANTEC recommend dose constraints for each at-risk organ in order to limit radio-induced toxicity [24] . There is wide variation between patients in normal-tissue tolerance and therefore, in the frequency and intensity of radio-induced late toxicity. About 5-10% of patients receiving radiotherapy develop severe late toxicity (RIS included) [25, 26] . Twenty years ago, a predictive assay based on radio-induced lymphocyte apoptosis (RILA) quantification was developed [27, 28] . This assay evaluated the quantity of peripheral blood lymphocytes dying by apoptosis after ionizing radiation exposure (8Gy). In 2005, a first prospective study of 400 patients treated with curativeintent radiotherapy was published [29] and highlighted the significant correlation between CD4 and CD8 T-lymphocyte apoptosis and grade 2 or 3 radiation-induced late toxicity. Overall, RILA values N16% were significantly associated with a very low risk of grade ≥ 2 late toxicity. Conversely, RILA values below 10% were strongly associated with severe late complications. Foro et al. [30] confirmed the significant correlation between radio-induced apoptosis of CD4+ T lymphocytes and genitourinary toxicity in 214 patients with prostate cancer treated with radiotherapy. Subsequent trials have confirmed these data for various tumor locations (breast, prostate, head and neck) [31, 32] . More recently, a prospective multicenter French trial including N500 breast-cancer patients suggested that RILA can predict the risk of radio-induced breast fibrosis [33] .
Because RIS is a serious late radio-induced toxicity, the aim of the current study is to assess RILA as a predictive factor for the development of RIS.
Patients and methods

Methods
We designed a prospective study scheduled to include 120 patients with RIS who were matched for potential confounding factors with 240 control patients without RIS. For each RIS patient, two control patients were included. The matching criteria were: sex, age during RT (± 5 years), breast or chest RT for patients with breast cancer.
A sample of 120 subjects from the case population and 240 subjects from the control population produce a two-sided 95.0% confidence interval with a precision comprised between 5 and 6% assuming a sample AUC between 0.70 and 0.80.
Inclusion criteria
Fifteen French centers, participating in the French Sarcoma Group (GSF-GETO), included patients in this prospective translational study. This trial was registered on ClinicalTrials.gov under the number NCT01504360. GSF-GETO selected patients alive with RIS from a national register containing all individuals diagnosed with sarcoma and followed by a hospital participating in this trial. The initial sarcoma diagnosis of RIS patients was systematically reviewed by expert pathologists in France.
The eligibility criteria for control patients were: no soft tissue sarcoma; N5 years complete remission following RT for cancer, adults aged over 18 years for the treatment of primary tumor. Controls were matched to RIS patients according to sex, age at initial radiotherapy (± 5 years) and for initial breast cancer, control patients treated initially for breast cancer had to have undergone the same type of surgery (mastectomy versus lumpectomy) as the associated RIS patient. Inclusion of control patients was performed during a standard follow-up consultation.
Specific eligibility criteria for RIS patients included: histologically proven soft tissue sarcoma developed in the previously treated area, adults aged over 18 years for the treatment of the primary tumor; primary tumor other than sarcoma as the initial cancer treated by RT. Inclusion of RIS patients was performed at the moment of RIS diagnosis or during a follow-up consultation.
Bone sarcomas were exclusion criteria for all patients. Patients were not receiving chemotherapy at the time of blood sampling in the present study, to avoid chemotherapy effect of on RILA results.
Research in context
Evidence before this study Currently, more than half of patients with cancer undergo radiation therapy (RT) as part of their treatment strategy. Each patient presents an individual level of radiosensitivity. About 5-10% of patients receiving RT develop late severe toxicity (fibrosis, secondary cancer…). Radiation-induced sarcoma (RIS) is a rare but serious adverse event following RT, and overall survival at 5 years for patients developing such a sarcoma is estimated between 10% and 36%, depending on tumor stage at the moment of diagnosis. The development of a biomarker which may predict the risk to develop a RIS will help clinicians to adapt patient treatment and follow up. Recently, a prospective multicenter French trial including N500 breast-cancer patients suggested that RILA can predict the risk of radio-induced breast fibrosis. Because RIS is a serious late radio-induced toxicity, the aim of the current study is to assess RILA as a predictive factor for the development of RIS.
Added value of this study
To our knowledge this is the first translational clinical trial specifically designed to highlight a biomarker which may help to predict risk to develop a RIS. This national multicentric study allowed to analyze a large cohort of patients: 118 RIS patients and 229 matched control patients previously treated by RT free from RIS.
Implications of all available evidence
Our study showed that RILA biomarker was significantly correlated with a risk of RIS development. After validation of these results by an ongoing study in a second cohort of patients, this biomarker will provide clinicians a tool to personalize RT prescription in fragile or at risk populations and to personalize patient at risk follow up, allowing treatment at an earlier stage and improvement of disease prognosis.
Inclusions and shipping procedures for blood samples
Before inclusion, all patients were given by clinicians and signed a written informed consent during a follow-up consultation.
For each included patient, one blood sample was collected in a 5 ml heparinized tube. Blood samples were shipped the same day for RILA analysis (Institut de Cancérologie de Lorraine, Nancy, France) at room temperature using a specialized transporter (Transporteo, Aulnaysous-Bois, France).
Radio-induced CD8 T-lymphocyte apoptosis (RILA) analysis
RILA measurement was performed in the Department of Biopathology (Institut de Cancérologie de Lorraine, Nancy, France) after validation of the correlation with results obtained by the laboratory of Montpellier (IRCM, Inserm U1194, France), the reference laboratory for this assay [34] . The measurement protocol has been previously described [29] .
Briefly, blood was diluted 1:10 in RPMI 1640 medium containing 20% fetal bovine serum, irradiated at 0 Gy (sham samples) or 8 Gy using a linear accelerator (photons, 6 MeV, Clinac iX, Varian Medical Systems). After 48 h of incubation, cells were labeled using FITCconjugated anti-CD8 monoclonal antibodies (Becton Dickinson, Rungis, France), red blood cells were lysed, and DNA was stained with propidium iodide. Samples were measured in duplicate using a flow cytometer (FACScalibur, Becton Dickinson, San Jose, CA), and data analysis was performed using Cell Quest software (Becton Dickinson, San Jose, CA). Apoptotic CD8 T-lymphocytes were defined as positivelyselected FITC-labeled cells (FL2 N101) presenting a DNA content lower than 1n.
Each apoptosis evaluation was carried out in triplicate. The RILA measurements were expressed by the delta of RILA percentages after 8Gy minus RILA in non-irradiated controls.
Statistical analysis
Categorical variables are presented as number and percentage, and compared using the Chi 2 (using quartile and tertile analysis) or Fisher's exact test. Continuous variables are described as mean ± standard deviation (SD) and/or median (range) and compared using the Student t or non-parametric Mann Whitney test in case of non-normal distribution. Normality was evaluated using Shapiro-Wilk normality test. The area under the receiver operating characteristic (ROC) curve (AUC) modeling RIS occurrence according to RILA percentage was determined with a 95% confidence interval, using logistic regression. The RILA concentration with the highest Youden index was considered as the optimal cut-off value for the prediction of RIS. A sub-group analysis has been performed in patients with a primary breast cancer, which was the most frequent localization to develop a RIS. However, analysis was a secondary objective and exclusively descriptive. Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). All tests were two sided and p-values b.05 were considered significant.
Results
Trial Profile
From November 2011 to July 2016, 120 RIS patients and 236 control patients were enrolled in this study. At baseline, two RIS patients were excluded for major protocol violation (as well as their corresponding four matched controls), two control patients withdrew consent and blood samples were not technically available for 25 patients (8 RIS patients and 17 control patients). The flowchart of the study population is given in Fig. 1 .
Patient, disease and treatment characteristics
Study population characteristics are presented in Table 1 . More than 80% of patients enrolled in the study were women, and N75% presented a primary breast tumor. The median age at initial RT was 53 years (range 20.6-91 years for RIS patients and 20-89 years for controls). As per the study design, patients and controls were matched for sex and age, and thus, no difference was observed between groups. No statistical differences were observed between RIS and controls for total RT with 53.7 ± 16 Gy and 57.1 ± 15.1 Gy, respectively (p = .0535). The median total dose of RT was 50 Gy (range 8-150), including 1.8 to 3.9% brachytherapy as part of the treatment for RIS and control patients, respectively. Overall, 37.3% of RIS patients and 43.3% of control patients received chemotherapy delivered in an adjuvant setting after initial RT (p = .294), while 47.1% of RIS patients and 54.8% of control patients received hormone therapy for their primary cancer (p = .224). For whole population, the median year of initial cancer diagnosis was 2006 . Concerning RIS patients, the median time between primary tumor treatment by radiotherapy and sarcoma diagnosis was 
Analysis of differences in RILA for RIS and control patients
Median RILA was 18.5% (range 5.5-55.7%) and 22.3% (range 3.8-52.2%) for RIS and control patients, respectively, (p = .0008, Table 2 ). This difference remained significant after analysis in quartiles (p = .002) or in tertiles using the limits described in two previous published studies (p = .0292 with limits of 16 and 24%; p = .0004 with limits of 12 and 20%) [29, 33] . Using a quartile analysis, the proportion of RILA lesser than 12% was 18.2% for RIS patients versus 10.6% for control patients. Additionally, the proportion of RILA higher than 20% was 38.2% for RIS patients versus 61.3% for control patients.
Analysis of differences in RILA for RIS and control patients with initial breast cancer
In a subgroup analysis of patients initially treated for breast cancer, median RILA was significantly different for RIS and control patients, at 18.4% (5.5 to 55.7%) and 22.3% (3.8 to 52.2%), respectively, (p = .0015; Table 3 ). This difference remained significant after analysis in quartiles (p = .0087) or in tertiles using the cut-offs 12% and 20% as described by Azria et al. (p = .0017), though the difference was not significant using cut-offs of 16% and 24% as described by Ozsahin et al. (p = .0564) [29, 33] .
Impact of other parameters on RILA
There was no significant relation between initial chemotherapy (to treat primary tumor) in either the RILA group or the control group RILA (p = .709 for RIS patients and p = .256 for control patients, p = .35 overall) ( Table 4) .
There was no significant association between hormone therapy for the initial cancer and RILA, either in the whole population or in the subpopulation of RIS patients (p = .159 and p = .905, respectively). Conversely, a significant relationship was observed between RILA and hormone therapy in control patients, whereby patients who received hormone therapy were found to have a lower percentage of RILA (p = .026) ( Table 4) . Concerning these patients, hormonal treatment delivered for initial cancer, was stopped before blood sampling.
Finally, there was no significant relationship between age at the time of RT, and RILA results (p N .74). (Fig. 2 A and B , respectively).
Discussion
The aim of this translational multicenter study was to investigate the ability of RILA to predict the development of RIS. SARI is the first largesize prospective study exploring the biological characteristics of patients who developed RIS after a primary cancer, in contrast with previous publications, which focused mainly on radio-induced breast angiosarcoma [35] [36] [37] . Our results found a median latency from RT to the diagnosis of RIS of 10.1 years, consistent with other studies indicating a period between 6 and 20 years [16] [17] [18] [38] [39] [40] . We initially selected adult patients with sarcoma within a group of RIS patients to avoid potential confounding factors for sarcoma development. None of our patients had identified risk factors for developing RIS such as unspecific genetics factors (Li-Fraumeni-Syndrome [41] ), young age at radiotherapy or concomitant chemotherapy associated with secondary carcinoma [39, 40] . To minimize the role of potential prior risk factors, RIS patients were matched with control patients exhibiting similar characteristics (age at RT, sex and breast cancer localization to reduce RT dose and variability of fractionation). The proportion of patients receiving chemotherapy was similar between these two cohorts. This result allowed to reduce the impact of this type of treatment on RIS development, as previously described for anthracycline molecules, as well as other cytotoxic agents, a known risk factor associated with secondary sarcomas in childhood cancer survivors [42] . However, in our study we didn't collect chemotherapy details for all patients. Therefore, the relationship between anthracycline treatment and RIS development was not specifically evaluated in our cohort.
In order to develop personalized medicine in RT, clinicians need to be able to predict potential radio-induced adverse events such as secondary sarcomas, which are rare but deleterious. In the literature, the five-year survival rate for RIS patients is estimated to be between 10 and 36% [2] [3] [4] [5] [6] [7] , lower than the survival rate for patients with sporadic sarcomas (from 54% to 76%) [11, 15, 36, 43] . Previous studies have also revealed that variations in prognostic criteria yield a significant difference in overall survival of RIS patients. For example, sarcoma-related survival was significantly better for patients with a RIS tumor of b5 cm (p = .008) [35] . Firstly, patients at risk should be offered alternative therapeutic options to minimize the risk of severe late events. Secondly, patients at risk of developing RIS should have a personalized follow-up, which could enable screening and earlier diagnosis of tumors, thus offering a better chance of cure. A personalized follow up of patients undergoing RT would require a robust biological marker able predict the development of RIS. Ideally, this marker should be inexpensive, have a simple quantification method and allow a large scale use. The RILA biomarker has already been described as a predictor of late RT-related adverse event, such as the risk of grade ≥ 2 radio-induced breast fibrosis using the CTCAE validated scale [33] . Currently, the pioneer team that developed the RILA parameter, didn't completely elucidate the mechanism linking RILA and radio-induced toxicity. It has been suggested that this relationship could be due to a slow apoptotic response and enhancement of cytokine production, leading to tissue inflammatory cell infiltration [29] . A specific study, using a proteomic approach, is presently ongoing to evaluate the underlying mechanism [33] .
Although a large majority of our patients had a primary breast cancer, our analysis was performed in the whole population, as established by the protocol. Identical results were observed when the analysis was restricted to the breast cancer sub-population. Concerning other initial cancer localizations, as head and neck and pelvis, results could not be Table 4 Relationship between clinical parameters and treatment other than RT and RILA in RIS and control patients. rigorously validated due to lack of statistical power. Another subgroup analysis concerning only patients with non-breast cancer as primary disease didn't highlight significant relationship between RIS and RILA (Supplementary Table 1 ). These results were be able to be explain by a specific relationship between RIS and RILA only for breast cancer as primary disease or by a lack of statistical power due to a low numbers of analyzed patients for this analysis (28 RIS patients and 54 control patients).
Given that for RIS patients, blood was collected after RIS diagnosis and that for control patients, blood was collected during follow-up and the majority of these patients had a relapse free status, we cannot totally exclude that RILA fraction might be a marker of tumor presence in general, rather than a predictor of RIS. To decrease this risk, we compared our cohort results with other trials evaluating RILA for patients with or without cancer at sample time. In our RIS cohort, RILA median was 18.5% [5.5-55.7] and in our control patient cohort the RILA median was 22.3% [3.8-52.2], in a large breast cancer cohort (n = 456; [33] ) the RILA median was 15.2% [0.7-52.8], and finally in the EPOPA cohort [44] which analyzed 224 patients treated by radiotherapy for a prostate cancer since several years, the majority of these patients presented a relapse free status, the RILA median was 15.3% [4.4-37.7] . These data didn't highlight an increase in RILA in patients without cancer, suggesting that the difference of RILA between our two cohorts were independent of cancer presence at the moment of RILA analysis.
In our present study, with an AUC of 0.62, the 21.3% RILA cut off was low in sensitivity and specificity and, consequently, we cannot promote the use of this biomarker alone. It will be of key importance to build a specific nomogram model combining relevant data such as genetic markers, to improve sensitivity and specificity for event prediction on a population basis. A final validation process in a prospective randomized phase III trial would be necessary before introducing RILA testing in routine practice for patients with significant long time overall survival probability after radiotherapy. For patients identified with a high risk of developing RIS, radiation oncologists should be in a position to inform the patient, to discuss alternative therapeutic options and to suggest early personalized follow-up with non-invasive methods such as relevant imaging.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2019.02.031.
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